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NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 
~ 

TECHNICAL NOTE D-378 

FORCE INVESTIGATION OF THREE 

SURFACE-PIERCING SUPEXCAVITATING HYDROFOILS 

W I T H  4 5 O  NEGATIVE DIHEDRAL 

By Irving Weinstein 

SUMMARY 

An inves t iga t ion  has been made i n  Langley tank no. 1 t o  determine 
the l i f t ,  drag, and pitching-moment charac te r i s t ics  of th ree  surface- 
piercing,  supercavitating hydrofoils.  The models were two t r i a n g u l a r  
hydrofoils,  with and without leading-edge sweep, and a rectangular 
hydrofoil ,  each with 45' negative dihedral. 
a r c  sect ions w i t n  a ciiaii~erzd qper-sur.^ace ieadi;i< edge having a 2O 
included angle. These sect ions a r e  f a i r l y  easy t o  construct  and they 
maintain c h a r a c t e r i s t i c s  of a sharp-leading-edge supercavi ta t ing sec- 
t i o n .  
speeds up t o  70 fps ,  and depths varying t o  1.2 chords. 

The hydrofoils had c i r c u l a r -  

Data were obtained a t  hydrofoil angles of a t t a c k  up t o  20°, 

The data  indicate  t h a t  complete v e n t i l a t i o n  occurred a t  angles of 
a t t a c k  of' lis and higher fsr the t>riangular hydrofoil  with leading-edge 
sweep, a t  angles of loo and higher for  the t r iangular  hydrofoi l  without 
leading-edge sweep, and a t  angles of 12' and higher f o r  the rectangular  
hydrofoi l .  
equal aspect r a t i o s  regardless of depth, shows t h a t  the  one with 
leading-edge sweep had higher l i f t -drag  r a t i o s .  
r a t i o s  obtained with t h i s  hydrofoil  were 5.3 i n  the low-angle p a r t i a l l y  
vent i la ted  region and 4.0 i n  the f u l l y  vent i la ted  region a t  a depth- 
chord r a t i o  of 0.8. 
increase i n  angle of a t tack  from the low angles t o  the high angles a t  
which the hydrofoils became f u l l y  vent i la ted.  
p l e t e  vent i la t ion ,  the  l i f t  coef f ic ien t  increased l i n e a r l y  with 
increase i n  angle of a t tack  f o r  a l l  three hydrofoils.  
son shows the experimental data  t o  be i n  good agreement with t h a t  p re-  
d ic ted  by theory. 

A comparison of the  t w o  t r iangular  hydrofoils,  which had 

The maximum l i f t - d r a g  

No abrupt change i n  lift o r  drag occurred with an  

I n  the region of com- 

A b r i e f  compari- 

INTRODUCTION 

Attempts t o  use the hydrofoil  as landing gear f o r  water-based 
a i r c r a f t  have generally been hampered by longi tudinal  i n s t a b i l i t y  which 
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i s  a t t r ibu tab le  la rge ly  t o  abrupt changes i n  l i f t  and drag which occur 
when the upper surface becomes vent i la ted  or cavi ta ted.  The use of a 
section with a sharp leading edge t o  induce separat ion of flow from 
the upper surface a t  low speeds a l l e v i a t e s  these problems ( r e f s .  1 
and 2 ) ,  although with some decrease i n  l i f t - d r a g  r a t i o .  

The sharp-leading-edge, or supercavitating, hydrofoils of the  
present invest igat ion were of i n t e r e s t  as possible landing gear f o r  
nigh-speed a i r c r a f t  operating on the water a t  speeds i n  excess of 
those a t  which cavi ta t ion  can be avoided on conventional t h i n  hydro- 
f o i l s .  Negative dihedral  w a s  employed t o  combine the functions of 
l i f t i n g  surface and s t r u t ,  and t o  provide reduction of hydrofoi l  area 
a t  high speeds. Hydrofoils of t r iangular  plan form, with and without 
leading-edge sweep, and a rectangular hydrofoil  a r e  included i n  the 
invest igat ion.  The overa l l  aspect r a t i o  of the hydrofoils i s  con- 
s idered t o  be small enough t o  be s t r u c t u r a l l y  f e a s i b l e .  

B t a  were obtained from a force invest igat ion made i n  Langley 
tank no. 1 t o  determine the l i f t ,  drag, and pitching-moment charac- 
t e r i s t i c s  of the three surface-piercing supercavi ta t ing hydrofoils a t  
43' negative dihedral .  
a leading-edge upper-surface chamfer having a 2' included angle. These 
sections a r e  f a i r l y  easy t o  construct  and they maintain c h a r a c t e r i s t i c s  
of a supercavitating sec t ion  s i m i l a r  t o  those described i n  references 1 
and 2. 

The hydrofoils have c i rcu lar -a rc  sect ions with 

Although data  i n  the region of f u l l  v e n t i l a t i o n  a re  of primary 
i n t e r e s t ,  data a l s o  are presented f o r  the nonventilated and p a r t i a l l y  
vent i la ted conditions.  D a t a  w e r e  obtained a t  hydrofoil  angles up t o  
20°, speeds up t o  70 f e e t  per  second, and depths varying t o  1.2 mean 
geometric chords. 

SYMBOIS 

L 

M 

average projected wetted span, f t  

mean geometric chord of hydrofoil ,  0.30 f t  f o r  each model 

t o t a l  drag ( A i r  drag + Water res i s tance) ,  l b  

&epth of t i p  a t  t r a i l i n g  edge (measured v e r t i c a l l y  from 
undisturbed water sur face) ,  f t  

l i f t  or v e r t i c a l  load, l b  

pi tching moment about t r a i l i n g  edge of hydrofoil  a t  the 
t i p ,  f t - l b  

4 

i 

tL 
3 
1 
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PC 

PO 

q 

S 

v 

CD 

CL 

‘L,d 

%l 

a 

P 

Y 

U 

pressure within cavi ty ,  lb/sq f t  

pressure a t  mean depth of hydrofoil, lb / sq  f t  

free-stream dynamic pressure, p V  1 2  

projected wetted area on undersurface of model, excluding 
spray wetting, sq  f t  

hor izonta l  veloci ty ,  fp s  

drag coef f ic ien t ,  D/qS 

l i f t  coef f ic ien t ,  L/qS 

two-dimensional design l i f t  coe f f i c i en t  a t  i n f i n i t e  depth 
when the reference l i n e  in the  plane of t he  hydrofoi l  i s  a t  

zero angle of a t t a c k  9 7 ( r e f .  2 )  FZ 
moment coe f f i c i en t  about t r a i l i n g  edge a t  the  t i p ,  M/qSc 

angle of a t t ack  iii.eas.u-ed iii v e r t i c a l  p lam bet;;een the 
horizontal  and a l i n e  through the leading edge and lower 
surface of t he  t r a i l i n g  edge, deg 

mass densi ty  of w a t e r ,  1.97 slugs/cu f t  f o r  these tests 

cen t r a l  angle subtending chord of the  lower surface of the  
c i rcu lar -a rc  hydrofoi l ,  radians unless otherwise ind ica ted  

Po - pc cav i t a t ion  number, 
P 

DESCRIPTION OF MODELS 

A drawing showing the  hydrofoi l  on the  support system i s  presented 
The negative d ihedra l  of 4 5 O  w a s  chosen f o r  the  hydrofoi l  as f igu re  1. 

t o  give depth s t a b i l i t y ,  and a la rge  root  w a s  used t o  minimize bending 
s t r e s s e s .  The d ihedra l  angle w a s  measured between the  horizontal  and 
the  t r a i l i n g  edge of the  rectangular  o r  swept-leading-edge t r i angu la r  
model when the mounting p l a t e  w a s  horizontal .  The d ihedra l  angle w a s  
r e f e r r e d  t o  the  leading edge f o r  the  unswept-leading-edge t r i angu la r  
hydrofoi l .  The desired angle of a t tack w a s  obtained by ro t a t ing  the  
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sys tern about a l a t e r a l  
f o i l s  was used f o r  the 
the  spacing t h a t  would 
dihedral hydrofoils on 

* 

pivot  axis. A symmetrical system of two hydro- 
tests t o  avoid r o l l i n g  moments and t o  simulate I 

be used i n  a prac t icable  appl ica t ion  of negative 
the fuselage of a water-based configuration. A 

I 

few runs  with more than three  times the bas ic  spacing indicated t h a t  
there  was no appreciable interference e f f e c t  between the hydrofoils with 
the basic spacing. 

The plan forms of the three  hydrofoils t e s t e d  a r e  presented i n  

The bottom surface w a s  then 
f i g u r e  2 along with t y p i c a l  cross sect ions.  
of m i l d  s t e e l  and were cadmium pla ted .  
copper plated i n  a l t e r n a t e  1 - inch s t r i p s  and darkened with hydrogen 

su l f ide  gas. The r e s u l t i n g  sca le  f a c i l i t a t e d  measurements of the 
wetted areas from underwater photographs. 

The tes t  models were made 

2 

The models included a t r iangular  hydrofoi l  with leading-edge 
sweep, a t r i a n g u l a r  hydrofoil  without leading-edge sweep, and a 
rectangular hydrofoil .  For s implici ty ,  these hydrofoils may be 
re fer red  t o  as model S (swept t r i a n g u l a r ) ,  model U (unswept t r i a n g u l a r ) ,  
and model R ( rectangular) .  
sections f o r  ease of construction. They were made by bending a 
3 - -inch p l a t e  u n t i l  each sec t ion  had the  desired c e n t r a l  angle of 16' 

A l l  the  hydrofoils had circular-arc  cross  

and 32 a 3- 1 -percent  camber. The leading edge w a s  sharpened t o  a 2' wedge 
2 

angle by chamfering the upper surface as shown i n  f i g u r e  2 t o  allow the 
upper surface t o  v e n t i l a t e  a t  as low an angle as possible .  The tri- 
angular hydrofoils had a continuously increasing radius of curvature 
from t i p  t o  root ,  whereas the radius  of the rectangular hydrofoil  w a s  
constant along the span. 
hydrofoil w a s  approximately 1.8. 
design l i f t  coef f ic ien t  CL,d of 0.247 ( r e f .  2 ) .  The swept t r iangular  
hydrofoil had '21.7' sweep of the  50-percent-chord l i n e .  

The b a s i c  projected aspect r a t i o  of each 
The hydrofoils had a two-dimensional 

APPARATUS AND PROCEDURE 

A detai led descr ipt ion of Langley tank no. 1, the apparatus f o r  
towing the model, and the instrumentation f o r  measuring the  l i f t ,  drag, 
and pitching moment i s  given i n  reference 3. 
on the towing gear i s  presented i n  f igure  3. 

A photograph of model S 

The hydrofoils were attached t o  s h o r t  s t r u t s ,  which i n  t u r n  were 
attached t o  a mounting p l a t e ,  as shown i n  f igures  1 and 3. The angle 
of a t tack of the  hydrofoils,  which w a s  measured i n  a v e r t i c a l  plane, 
w a s  changed by r o t a t i n g  the mounting p l a t e  about a la teral  axis through 

L 
3 
1 
3 
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the  pivot  ( f i g .  3 ) .  
the spray from being thrown up i n t o  the towing gear. The da ta  obtained 
when t h e  flow struck the def lec tor  or the bottom of the mounting p l a t e  
have been deleted,  and therefore  the data given represent forces  on the 
hydrofoils alone. 

A def lec tor  plate ,  seen i n  f igures  3 and 4, kept 

The t e s t s  were made a t  constant speeds with the  model f r e e  t o  rise. 
Generally two o r  th ree  load conditions were obtained during each run by 
increasing the applied load. A few check runs were a l s o  made i n  which 
the applied load w a s  decreased, and a few i n  which the load w a s  held 
constant and t h e  speed w a s  increased. N o  s i g n i f i c a n t  differences were 
found i n  the r e s u l t s  obtained by the various methods. 

The wetted areas  were determined from underwater photographs, or 
from visua l  wetted-length readings where photographs were not avai lable .  
Typical underwater photographs of the three  hydrofoils a re  shown i n  
f igure  4. 
are described i n  reference 4. These wetted areas were considered t o  be 
the areas  wetted on the undersurface and excluded spray wetting, which 
does not  contribute appreciably t o  the l i f t  force.  

The method and setup used f o r  obtaining these photographs 

The v isua l  depth readings were referred t o  the undisturbed water 
level.. Corrections t o  these readings were necessary, however, because 
of a surge or  long wave which i s  inherent i n  the tank during operation. 
These correct ions were obtained by the method described i n  reference 5 ,  
where a v e r t i c a l l y  osci l la t i r ig  probe was used t o  measure the a c t u a l  
pos i t ion  of the  water surface i n  the  v i c i n i t y  of the model. 
repor t  the depth of sabmersion d i s  divided by the mean geometric 
chord 
it. 

I n  t h i s  

c (0.3 f o o t  f o r  each Ot' the three moaeisj to nondimensivrlaiize 

The windage t a r e s  were obtained f o r  the towing gear a t  various 
speeds, angles of a t tack,  and v e r t i c a l  posi t ions corresponding t o  a 
range of depths and applied as corrections t o  the load and res i s tance .  
The t a r e s  f o r  pi tching moment were found t o  be negl igible .  

The da ta  were obtained a t  a number of constant speeds f o r  various 
loads a t  each angle of a t tack .  Motion p ic tures  were taken of acceler-  
a ted  runs t o  observe the process of vent i la t ion .  

The quant i t ies  measured a r e  believed t o  be accurate or reproducible 
within the following l imi ta t ions :  

Angle of a t tack  (incidence),  deg . . . . . . . . . . . . . . . . .  t0.l 
Load, l b  . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  k O . 2  
Pitching moment, f t - l b  . . . . . . . . . . . . . . . . . . . . . .  t1.0 
Resistance, l b  . . . . . . . . . . . . . . . . . . . . . . . . . .  f0 .2 

Depth of submersion, i n .  . . . . . . . . . . . . . . . . . . . .  t0.L 
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Speed, fps  . . . . . . . . . . . . . . . . . . . . . . . . . . . 20.2 
Wetted length ( a t  leading o r  t r a i l i n g  edge), i n .  . . . . . . . to.15 

RESULTS AND DISCUSSION 

Flow Character is t ics  

The changes i n  flow leading up t o  complete v e n t i l a t i o n  of the 
upper surface of the hydrofoils were determined from v i s u a l  observations 
and the study of motion p ic tures  taken during accelerated runs. 
case of the swept t r iangular  hydrofoil ,  a i r  entered along the blunt  
t r a i l i n g  edge as the speed w a s  increased and flowed down t o  the t i p .  
s u f f i c i e n t l y  high angles of a t tack,  a cavi ty  formed a t  the leading edge 

I n  the  L 
3 
1 
3 

A t  

near the t i p  and expanded toward the surface u n t i l  the  cavi ty  enclosed 
the e n t i r e  upper surface of the hydrofoil ,  which w a s  completely vent i -  
l a t e d  t o  the atmosphere. Vent i la t ion of the unswept t r iangular  hydro- 
f o i l  occurred i n  a similar manner except t h a t ,  once air reached the  
t i p ,  the cavi ty  seemed t o  develop more rapidly.  

A possible explanation f o r  t h i s  difference i n  r a p i d i t y  of cavi ty  
formation may be obtained by reviewing the  mechanism of v e n t i l a t i o n .  
A s  pointed out i n  reference 2, vent i la t ion  occurs when a i r  i s  introduced 
i n t o  a region of the flow where the boundary layer  i s  already separated.  - 
For example, a i r  f i rs t  comes down the t r a i l i n g  edge of the hydrofoils 
because of the separated flow i n  the wake of the blunt  t r a i l i n g  edge. 
A t  some angle of a t tack  boundary-layer separation a l s o  occurs along the 
leading edge of the hydrofoils.  Because of the spanwise flow on the 
hydrofoils caused by the sweep, the chordwise extent  of the leading-edge 
separated region i s  longest a t  the t i p  of model S and decreases toward 
the surface. On the other hand, the leading-edge separated region on 
model U i s  longer a t  the surface than a t  the t i p .  I n  both cases, the 
a i r  a t  the  t i p s  contacts the separated region of the model and the lower 
region i s  immediately vent i la ted.  The a i r  then progressively v e n t i l a t e s  
the separated regions above it. This progressive v e n t i l a t i o n  up the f o i l  
w i l l  be more rapid i f  it moves i n t o  a region of increasing boundary-layer 
separation such as i s  found on modelU r a t h e r  than the region of 
decreasing separation found on model S.  

A i r  entered along the blunt  t r a i l i n g  edge of the rectangular hydro- 
f o i l  and seemed t o  v e n t i l a t e  the upper surface almost instantaneously.  

F u l l  vent i la t ion  occurred regular ly  a t  angles of a t t a c k  of 11' an3 
higher for  the swept t r iangular  hydrofoil, a t  angles of loo and higher 
f o r  the unswept t r iangular  hydrofoil, and a t  angles of 12O and higher 
f o r  the rectangular hydrofoil .  
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A s  has previously been mentioned, data a l s o  are presented f o r  t he  

The nonventilated and p a r t i a l l y  ven t i l a t ed  
low angles of a t t ack  a t  which the  upper surface i s  nonventilated or 
only p a r t i a l l y  vent i la ted .  
flow conditions may be seen i n  f igu re  5 along with the  f u l l y  ven t i l a t ed  
flow condi$ion f o r  each hydrofoil .  

A ven t i l a t ed  flow condition d i f f e ren t  from t h a t  of f i gu re  5 i s  
shown i n  f igu re  6. 
hydrofoi l  near t he  leading edge and separates a t  the  upper-surface 
break, with ven t i l a t ion  occurring a f t  of t h i s  po in t .  This condition 
was encountered only with the t r iangular  hydrofoils and occurred a t  
angles of a t t ack  of 8 O  or less. 
of t he  hydrofoi l  a t  the in t e r sec t ion  between the  f l a t  and curved por- 
t i ons  produces an abrupt adverse pressure gradient .  This i n t e r sec t ion  
is  therefore  a l i k e l y  loca t ion  f o r  boundary-layer separat ion when the  
hydrofoi l  i s  a t  angles a t  which the  forward f l a t  sec t ion  i s  wetted. 
The length  of t he  separated region i n  this loca t ion  i s  probably very 
sho r t  and may receive air from the  blunt t r a i l i n g  edge on the  t r i angu la r  
models. If the speed of the  rectangular hydrofoi l  were increased s u f f i -  
c i en t ly ,  a vapor cavi ty  would form downstream of the upper-surface break 
an6 Woaid exten& tz t h e  t r a i l i n g  e~&e a d  hect.oiiie vznt i la ted .  

Here the  flow adheres t o  the  upper surface of t he  

The discont inui ty  i n  the upper surface 

An attempt was made t o  induce separation a t  angles below those a t  
which complete ven t i l a t ion  normally occurred. This w a s  done by dis- 
turbing the  flow inmediately ahead of and a t  t h e  leading edge of t he  
hydrofo i l  with a sharp probe t o  allow a i r  t o  en te r  a t  the upper surface 
of the hydrofoi l .  This caused a s l i g h t  Separation t o  occur; however, 

immediately closed. 
-. wllcI1. I.,.... the probe w a s  removed, the cavity could not be sustained and it 

Force Data 

Original ly  the measured data were p l o t t e d  d icec t ly  i n  the  form of 
l i f t ,  drag, and moment coef f ic ien ts  and were found t o  have some scatter. 
This s c a t t e r  w a s  general ly  a t t r i bu tab le  t o  the f a c t  t h a t  the percentage 
e r r o r  i n  the  measured t o t a l  wetted area increased with decrease i n  
depth and became s ign i f i can t ly  g rea t  a t  t he  shallower depths. The da ta  
were then p lo t t ed  as d/c, S, D/q, and M/qc against  L/q, as shown 
i n  f igu res  7 t o  10, respectively.  
on a s ing le  curve f o r  each angle of a t tack.  
curves of f igu res  7 t o  10 therefore  gave more accurate values  of t h e  
coef f ic ien ts ,  which are p lo t t ed  i n  the later f igu res .  

The r e su l t i ng  poin ts  f a l l  e s s e n t i a l l y  
A cross  p l o t  from the  f a i r e d  

m, I n  general ,  the  hydrofoils were f u l l y  ven t i l a t ed  a t  the  high angles 
A t  angles below approximately loo, most of the  data were fo r  of a t t ack .  

e i t h e r  nonventilated or only p a r t i a l l y  ven t i l a t ed  conditions.  The few 
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points a t  which complete v e n t i l a t i o n  d i d  occur were generally obtained 
a t  high speeds and shallow depths ( s m a l l  values of L/q) . 

The pi tching moment, which i s  presented i n  f igure  10, w a s  r e f e r r e d  
t o  a transverse ax is  passing through the t i p s  of the  t r iangular  hydro- 
f o i l s ,  o r  through the t i p s  a t  the t r a i l i n g  edge f o r  the rectangular 
hydrofoils. Negative pi tching moments were obtained f o r  the unswept 
t r iangular  hydrofoil, i n  cont ras t  t o  the pos i t ive  pi tching moments f o r  
the other hydrofoils, because of the choice of the moment reference.  
When the moments are taken about the t i p s ,  the moment reference f o r  
the unswept t r iangular  hydrofoil  i s ,  i n  e f f e c t ,  a t  the leading edge as 
a r e s u l t  of the hydrofoil  geometry. 

Values of l i f t ,  drag, and pitching-moment coef f ic ien ts  were com- 
puted from the  f a i r e d  curves i n  f igures  8, 9, and 10, respect ively.  
Corresponding depth-chord r a t i o s  were obtained from f igure  7. 
shown on the r e s t  of the p l o t s  represent f a i r e d  or computed data. 

Symbols 

L i f t  coeff ic ient . -  The var ia t ions  of l i f t  coef f ic ien t  with depth- 
chord r a t i o  a re  presented i n  f igure  11 f o r  the three hydrofoils a t  a l l  
angles of a t tack  of the invest igat ion.  The s o l i d  curves indicate  the 
angles a t  which the hydrofoils were completely vent i la ted  and the dashed 
curves indicate  the angles a t  which only p a r t i a l  o r  no v e n t i l a t i o n  
occurred. Because of t h e i r  geometry, the  t r iangular  hydrofoils have 
approximately a constant wetted aspect r a t i o  f o r  each angle of a t t a c k  
regardless of depth, and only a s m a l l  var ia t ion  i n  the aspect r a t i o  
occurs throughout the angle-of-attack range. For these constant- 
aspect-rat io  hydrofoils, the l i f t  coef f ic ien t  i n  the vent i la ted  region 
would be subs tan t ia l ly  independent of depth i f  the cavi ta t ion  number 
based on the ambient pressure corresponding t o  the mean hydrostat ic  
pressure on the hydrofoil  were zero. 
f o i l s ,  however, show a gradual increase i n  l i f t  coef f ic ien t  with increase 
i n  depth of submersion a t  the angles a t  which the hydrofoils are f u l l y  
vent i la ted.  Some of the increase i n  l i f t  coef f ic ien t  i s  due t o  the 
increase i n  cavi ta t ion  number caused by the  hydrostat ic  head on the 
hydrofoil. 
mersion f o r  the rectangular hydrofoil  would be expected because of t h e  
increase i n  wetted aspect r a t i o  b2/S 
increase i n  depth-chord r a t i o  from 0.4 t o  0.8. 

rs 

The data f o r  the t r iangular  hydro- 

The large increase i n  l i f t  coef f ic ien t  with depth of sub- 

from 0.4 t o  about 0.9 with 

The l i f t  coef f ic ien ts  f o r  the three  hydrofoils are compared i n  f i g -  
ure 12, where the var ia t ion  i n  lift coef f ic ien t  with angle of a t tack  i s  
shown for depth-chord r a t i o s  of 0.4 and 0.8. 
curves indicates  the approximate angle at'which complete v e n t i l a t i o n  of 
the hydrofoil occurred as the angle of a t tack  w a s  increased. No abrupt 
change in l i f t  coef f ic ien t  occurred with an increase i n  angle of a t t a c k  
from the low angles t o  the higher angles a t  which the hydrofoils become 
f u l l y  ventilated.  

The break i n  each of the 

A t  the angles where f u l l  v e n t i l a t i o n  occurs, the l i f t  

L 
3 
1 
3 
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- coe f f i c i en t  increased l i n e a r l y  with increase i n  angle of a t t ack  f o r  a l l  
th ree  hydrofoi ls .  For a given angle of a t t ack  and depth of submersion 
i n  the ven t i l a t ed  region, the  swept t r iangular  hydrofo i l  had a higher 
l i f t  coe f f i c i en t  than the  other  hydrofoils.  A s  might be expected, t he  
rectangular  hydrofoi l  had the  lowest l i f t  coe f f i c i en t s  s ince  it operates  
a t  a small wetted aspect  r a t i o  as compared with t h a t  of approximately 1.8 
t o  1.9 f o r  t he  t r i angu la r  hydrofoils.  

Drag coe f f i c i en t . -  The var ia t ion  of drag coe f f i c i en t  with depth- 
chord r a t i o  i s  presented f o r  each hydrofoil  i n  f igu re  13. The drag 
coe f f i c i en t s  f o r  the  three  hydrofoils a r e  compared i n  f igu res  14  and 17, 
where the  va r i a t ion  i n  drag coef f ic ien t  with angle of a t t a c k  and wi th  
l i f t  coe f f i c i en t ,  respect ively,  i s  shown f o r  depth-chord r a t i o s  of 0.4 
and 0.8. 
complete ven t i l a t ion  and p a r t i a l  o r  no ven t i l a t ion .  

The break i n  the curves again ind ica tes  t he  separat ion between 

The drag-coeff ic ient  curves i n  f igure 14, l i k e  the  l i f t - c o e f f i c i e n t  
curves i n  f igu re  12, show no abrupt change as the  angle of a t t a c k  i s  
increased and the  hydrofoils become f u l l y  vent i la ted .  
angle of a t tack ,  t he  value of the drag coe f f i c i en t  i s  about t he  same f o r  
b:~t~h t-t-targid-ar ?y&rcfoil.s. The drag coe f f i c i en t  f o r  the  rectangular  
hydrofoi l  i s  much lower than t h a t  for  t he  t r i angu la r  hydrofoils a t  a 
depth-chord r a t i o  of 0.4, and approaches the  value f o r  the  t r i angu la r  
hydrofoils a t  a depth-chord r a t i o  of 0.8. 

For a given 

For a given value of the  l i f t  Coefficient ( f i g .  15), the  swept 
t r iangi l lar  hydrofoi l  has l e s s  drag than the other  hydrofoi ls ,  except 
t h a t  a t  the  depth-chord r a t i o  of 0.8 the rectangular  hydrofoi l  has 
about the  sane drag as  the swept-triangular hydrofoi l .  

Lif t -drag r a t i o . -  The var ia t ion  i n  l i f t -d rag  r a t i o  with depth- 
chord r a t i o  i s  presented i n  f igu re  16 f o r  the  three  hydrofoi ls  a t  a l l  
angles of a t t ack  of the  invest igat ion.  There i s  a gradual increase i n  
l i f t - d r a g  r a t i o  with increase i n  submergence of the  t r i angu la r  hydro- 
f o i l s  a t  a l l  angles of a t tack .  The l i f t - d r a g  r a t i o  f o r  the  rectangular  
hydrofoil ,  however, shows a subs tan t ia l  increase with increase i n  depth 
of submersion, l a rge ly  because of the increase i n  wetted aspect  r a t i o  
a t  the deeper submersions. 

The l i f t - d r a g  r a t i o s  f o r  the three hydrofoils are compared i n  
f igures  17 and 18, where the  var ia t ion  i n  l i f t - d r a g  r a t i o  with angle 
of a t t a c k  and with l i f t  coef f ic ien t ,  respect ively,  i s  shown f o r  depth- 
chord r a t i o s  of 0.4 and 0.8. 
ven t i l a t ed  region, there  is  only a 10-percent maximum va r i a t ion  i n  t h e  
l i f t - d r a g  r a t i o  f o r  the three  hydrofoils ( f i g .  17). The l i f t - d r a g  
r a t i o s  i n  the ven t i l a t ed  region were about 4.0 a t  angles around 1 2 O  
and decreased t o  about 2.5 a t  an angle of a t t a c k  of 20'. 

For a given angle of a t t ack  i n  the 

The maximum 
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. 
l i f t -d rag  r a t i o s ,  however, occurred i n  the 
a t  angles of a t t ack  between 6' and 8 O ,  the  
having the m a x i m u m  r a t i o  of about 5.3 a t  a 

p a r t i a l l y  ven t i l a t ed  region 
swept-triangular hydrofoi l  
depth-chord r a t i o  of 0.8. 

For a given value of the  l i f t  coef f ic ien t  i n  the  ven t i l a t ed  
region, it may be seen from f igu re  18 t h a t  the swept t r i angu la r  hydro- 
f o i l  had a higher l i f t - d r a g  r a t i o  than the other  hydrofoi ls  t e s t ed ,  
pa r t i cu la r ly  a t  the  shallower depth-chord r a t i o  of 0.4. 
of the  two triangular hydrofoi ls ,  which had equal aspect  r a t i o s  regard- 
less of depth, the  swept t r i angu la r  hydrofoi l  had b e t t e r  ove ra l l  l i f t -  
drag r a t i o s  than the unswept t r i angu la r  hydrofoil .  

I n  general ,  

Pitching-moment coe f f i c i en t . -  The pitching-moment coe f f i c i en t s  are 
p l o t t e d  aga ins t  de?th-chord r a t i o  i n  f igure  19. The p i tch ing  moments 
f o r  the  unswept t r i angu la r  hydrofoi l  are negative, as previously s t a t ed ,  
because, i n  e f f e c t ,  the  moment reference i s  a t  the  leading edge on t h i s  
hydrofoil .  

Figure 20 shows a cross p l o t  of f igure  19 agains t  angle of a t t a c k  
A comparison of the swept tri- f o r  depth-chord r a t i o s  of 0.4 and 0.8. 

angular and the  rectangular hydrofoils,  which have the  same r e l a t i v e  
moment reference, shows t h a t  the rectangular  hydrofoi l  has g rea t e r  
pos i t ive  moments a t  both depths i n  the  ven t i l a t ed  region. 

Comparison of experiment and theory.-  Lif t -drag r a t i o s  f o r  th ree  
representat ive wetted aspect  r a t i o s  of a planing f l a t  p l a t e  (from 
r e f s .  6 and 7) are compared i n  f igu re  21 with the  l i f t - d r a g  r a t i o s  of 
the swept t r iangular  hydrofoi l  a t  a depth-chord r a t i o  of 0.8 and an 
aspect  r a t i o  of 1.8. 
lower l i f t -d rag  r a t i o  than the planing surface a t  the  same aspect  r a t i o .  
The l i f t - d r a g  r a t i o  of the planing surface a t  an aspect  r a t i o  of 0.5 i s  
about the same as  that  of the  hydrofoi l .  Since the  m a x i m u m  res i s tance  
of a hydro-ski-equipped c r a f t  usual ly  o c c u s  when the  hydro-ski i s  
f u l l y  wetted, the l i f t - d r a g  r a t i o  a t  an aspect  r a t i o  of 0.17 ( length-  
beam r a t i o  of 6 ) ,  which represents  this condition, a l s o  i s  shown. A t  
the  same l i f t  coef f ic ien t ,  the  hydrofoi l  i s  seen t o  have a higher l i f t -  
drag r a t i o  than the planing surface wi th  an aspect  r a t i o  of 0.17. The 
pr inc ipa l  reason t h a t  the  hydrofoi l  has lower l i f t - d r a g  r a t i o s  than a 
planing f l a t  p l a t e  of the same aspect  r a t i o  i s  the  la rge  d ihedra l  of t he  
hydrofoil .  Also shown i n  f igu re  21 are da ta  from reference 8 f o r  a 
planing surface with 40° dead rise and an aspect r a t i o  of 1.8. 
be seen t h a t  dead r i s e  g rea t ly  reduces the  l i f t - d r a g  r a t i o ,  and the  
hydrofoil  has a grea te r  l i f t - d r a g  r a t i o  a t  a given l i f t  coe f f i c i en t  than 
the  planing surface with 40° dead rise.  

A t  a given l i f t  coef f ic ien t ,  t he  hydrofoi l  has a 

It may 

I n  f igure  22 the experimental l i f t - d r a g  r a t i o s  f o r  the  swept tri- 
angular hydrofoil  a re  compared with the  t h e o r e t i c a l  l i f t - d r a g  r a t i o s  

L 
3 
1 
3 
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from reference 2 f o r  a c i rcu lar -a rc  hydrofoil  a t  zero cav i t a t ion  number. 
Theoret ical ly  the hydrodynamic coef f ic ien ts  depend on the  l o c a l  depth- 
chord r a t i o ,  which f o r  t h i s  hydrofoil  var ies  along the  span. To s implify 
the ca lcu la t ion ,  an average value of 0.5 w a s  assumed f o r  the  l o c a l  depth- 
chord r a t i o .  The theo re t i ca l  forces  were modified f o r  45' d ihedra l  angle 
and 2l.To sweep of the  50-percent-chord l i n e  and comparisons w e r e  made 
f o r  t he  same aspect  r a t i o .  The lift coef f ic ien ts  and l i f t - d r a g  r a t i o s  
f o r  the  hydrofoi l  were found t o  be i n  good agreement with those pred ic ted  
by theory. 

CONCLUDING REMARKS 

The r e s u l t s  of an inves t iga t ion  of t he  hydrodynamic forces  on th ree  
surface-piercing supercavi ta t ing hydrofoils with 4 5 O  negative d ihedra l  
i nd ica t e  t h a t  complete ven t i l a t ion  occurred a t  angles of a t t ack  of 11' 
and higher f o r  the  t r iangular  hydrofoil  with leading-edge sweep, a t  
angles of loo and higher f o r  the t r iangular  hydrofoi l  without leading- 
edge sweep, and a t  angles of 12' andh ighe r  f o r  t he  rectangular hydro- 

regardless  of depth, t he  one with leading-edge sweep had somewhat b e t t e r  
o v e r a l l  l i f t - d r a g  r a t i o s .  The maximum l i f t - d r a g  r a t i o s  obtained with 
the swept-leading-edge t r iangular  hydrofoil  w e r e  5.3 i n  the low-angle 
p a r t i a l l y  ven t i l a t ed  region and 4.0 i n  the  f u l l y  ven t i l a t ed  region a t  
a depth-chord r a t i o  of 0.8. 
with an increase i n  angle of a t t ack  from the  low angles t o  t he  higher 
angles a i  which the hjdrofol ls  bezme fully ventilated. 
of complete ven t i l a t ion ,  the  l i f t  coef f ic ien t  increased l i n e a r l y  with 
increase i n  angle of a t t ack  f o r  a l l  three hydrofoi ls .  
son shows the  experimental data  t o  be i n  good agreement with t h a t  pre- 
d ic ted  by theory. 

f o l i .  of t he  TWO t r iangular  iq&-ofoils,  - - L ~ - I -  W 1 1 1 L l l  b - A  1lQ.U CqUaL - - , ? o t  UYYbb" ncnnnt  ra , r inq *vv.....- 

N o  abrupt change i n  l i f t  o r  drag occurred 

In tohe  region 

A b r i e f  compari- 

Langley Research Center, 
National Aeronautics and Space Administration, 

Langley Field,  Va. ,  February 10, 1960. 
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Figure 1.- General arrangement of hydrofoil system. 
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(a )  Model S. 

( b )  Model U. 

. 
( c )  Model R. L-60-228 

Figure 4.- Typical underwater photographs. a = 12'; 
L = 10 lb; V = 40 fps.  



Nonventi lated 

Partially venti lated 

Fully ventilated 

(a)  Model S. L-60-229 

Figure 5.- Photographs showing various flow conditions f o r  all 
t h r e e  hydrofoils.  
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Partially ventilated .. 

0 = 20° 
L = 20.2 Ib 
‘J = 30.4 f p s  - 

Fully ventilated 

(b) Model U. L-60-230 

Figure 5.- Continued. 
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Fully ventilated 

( c )  Model R. 

Figure 5.- Concluded. 

L-60-231 
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(b) Model U. 

Figure 9.- Continued. 
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Ekperimental data for model S; 

--- Theory for circular-arc section at 
o-= 0 with modification for sweep 

and dihedral angles ?ref. 2) 

= 0.8 

Lift coefficient, CL 

I 1 I I I I I I I 

a l e  of attack, oc, deg 
2 4 6 8 10 12 14 16 18 a3 

Figure 22.- Comparison of  experimental data with theory.  
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